Machado BH, Zoccal DB, Moraes DJ. Neurogenic hypertension and the secrets of respiration. Am J Physiol Regul Integr Comp Physiol 312: R864 -R872, 2017. First published April 24, 2017 doi:10.1152/ajpregu.00505.2016.-Despite recent advances in the knowledge of the neural control of cardiovascular function, the cause of sympathetic overactivity in neurogenic hypertension remains unknown. Studies from our laboratory point out that rats submitted to chronic intermittent hypoxia (CIH), an experimental model of neurogenic hypertension, present changes in the central respiratory network that impact the pattern of sympathetic discharge and the levels of arterial pressure. In addition to the fine coordination of respiratory muscle contraction and relaxation, which is essential for O 2 and CO2 pulmonary exchanges, neurons of the respiratory network are connected precisely to the neurons controlling the sympathetic activity in the brain stem. This respiratory-sympathetic neuronal interaction provides adjustments in the sympathetic outflow to the heart and vasculature during each respiratory phase according to the metabolic demands. Herein, we report that CIH-induced sympathetic over activity and mild hypertension are associated with increased frequency discharge of ventral medullary presympathetic neurons. We also describe that their increased frequency discharge is dependent on synaptic inputs, mostly from neurons of the brain stem respiratory network, rather than changes in their intrinsic electrophysiological properties. In perspective, we are taking into consideration the possibility that changes in the central respiratory rhythm/pattern generator contribute to increased sympathetic outflow and the development of neurogenic hypertension. Our experimental evidence provides support for the hypothesis that changes in the coupling of respiratory and sympathetic networks might be one of the unrevealed secrets of neurogenic hypertension in rats. neurogenic hypertension; sympathetic overactivity; presympathetic neurons; respiratory neurons; autonomic and respiratory networks IN THIS REVIEW, we explore how breathing modulates sympathetic activity and cardiovascular function under physiological and pathophysiological conditions. The concept of respiratorysympathetic interaction is not novel in the cardiovascular field, and it was originated from the fundamental work and thoughtful observations by Carl Ludwig and colleagues in Germany (see Seller; Ref 53) during the second half of the 19th century. Although Ludwig and colleagues were not able to record sympathetic nerves due to technological limitations at that time, they performed simultaneous recordings of the intrathoracic pressure and the changes in arterial blood pressure using their own developed kymograph drums. Based on these recordings, Ludwig and colleagues proposed a correlation between blood pressure and breathing, which was the base for the original concept of the coupling between the respiratory and cardiovascular functions (53). In addition to this concept, Ludwig's laboratory introduced other key fundamental concepts in cardiovascular physiology, including 1) the description of the sinus arrhythmia and its dependency of the vagus nerve integrity, 2) the experimental evidence about the activity of depressor nerve (Cyon), and 3) the description of ventral medullary neurons that send projections to the spinal cord and contribute to the generation of sympathetic tone. Therefore, the experiments performed in the Ludwig laboratory brought to the field several concepts that remain as the groundwork for the contemporary cardiovascular physiology.
IN THIS REVIEW, we explore how breathing modulates sympathetic activity and cardiovascular function under physiological and pathophysiological conditions. The concept of respiratorysympathetic interaction is not novel in the cardiovascular field, and it was originated from the fundamental work and thoughtful observations by Carl Ludwig and colleagues in Germany (see Seller; Ref 53) during the second half of the 19th century. Although Ludwig and colleagues were not able to record sympathetic nerves due to technological limitations at that time, they performed simultaneous recordings of the intrathoracic pressure and the changes in arterial blood pressure using their own developed kymograph drums. Based on these recordings, Ludwig and colleagues proposed a correlation between blood pressure and breathing, which was the base for the original concept of the coupling between the respiratory and cardiovascular functions (53) . In addition to this concept, Ludwig's laboratory introduced other key fundamental concepts in cardiovascular physiology, including 1) the description of the sinus arrhythmia and its dependency of the vagus nerve integrity, 2) the experimental evidence about the activity of depressor nerve (Cyon), and 3) the description of ventral medullary neurons that send projections to the spinal cord and contribute to the generation of sympathetic tone. Therefore, the experiments performed in the Ludwig laboratory brought to the field several concepts that remain as the groundwork for the contemporary cardiovascular physiology.
The original concepts by Ludwig's laboratory (53) related to cardiovascular and respiratory interactions are discussed in this review in the context of physiological and pathophysiological conditions, such as neurogenic hypertension. We hope that the experimental data presented here, obtained using new technol-ogies and revealing the mechanisms of correlation between ventral medullary sympatho-excitatory and respiratory neurons, extend Ludwig's findings into a contemporary view that improves our understanding of the mechanisms underlying development of neurogenic hypertension associated with chronic intermittent hypoxia. Our recent data summarized here are additional bricks in a huge building construction by the community of autonomic, respiratory, and cardiovascular physiologists initiated by Carl Ludwig.
Traube-Hering Waves, Sinus Arrhythmia, and Sympathetic Oscillations
In the context that respiration influences the cardiovascular system, Ludwig Traube (58) and Ewald Hering (24) , during the second half of the 19th century, reported the existence of respiratory-related oscillations in arterial blood pressure, which were later named as Traube-Hering waves. Some of the original observations indicated that these waves were not the consequence of changes in the intrathoracic pressure but were due to respiratory-related fluctuations in sympathetic outflow promoting phasic constrictions of the arterial vasculature. In fact, as observed in the recordings of the thoracic sympathetic nerve (tSN) and perfusion pressure (PP) of the decerebrated, arterially perfused in situ working heart/brain stem preparation (WHBP) of rat, a constant latency is observed between the respiratory-related peak of sympathetic activity and the correspondent peak in PP (Fig. 1) . Such respiratory-related sympathetic oscillations play an important role in the maintenance of arterial blood pressure levels, because central respiratory arrest significantly reduces levels of PP and the magnitude of the sympathetic outflow oscillations, which are restored only when respiration returns to a eupneic pattern, as documented by Simms et al. (55) .
The respiratory sinus arrhythmia is another important aspect of respiratory modulation of the autonomic activity to cardiovascular function. Original studies by Anrep et al. (8) documented an increased number of heartbeats during the inspiratory phase of intact animals, which is also observed in the recordings of heart rate (HR) in different phases of the respiratory cycle performed in the in situ preparations (Fig. 1) . Later, it was demonstrated that this inspiratory-related increase in HR is mainly the consequence of inspiratory inhibition of the cardiac vagal preganglionic neurons in the nucleus ambiguus (NA; Fig. 1 ), thus reducing the parasympathetic tone to the heart (50). Functionally, respiratory sinus arrhythmia represents a precise mechanism to increase cardiac output to the pulmonary and systemic circulations during a period of lung expansion and favorable conditions of blood gas exchange. An elegant demonstration of this concept was provided by experiments demonstrating that respiratory sinus arrhythmia optimizes the pulmonary perfusion-to-ventilation ratio in dogs, with consequent reduction in the pulmonary shunt (23) . It has also been proposed that cardiorespiratory coupling may reduce cardiac work while maintaining the blood gas partial pressure at normal levels (10) as well as buffer variations in left cardiac output and arterial pressure at each respiratory cycle (19) . In studies from our laboratory using simultaneous recordings of the diaphragmatic electromyogram and the pulsatile arterial pressure, we demonstrated clearly the physiological impacts of respiratory movements on pulsatile arterial pressure (TraubeHering waves) and HR (respiratory sinus arrhythmia) in rats, as illustrated by Moraes et al. (41) .
Since the pioneering work by Adrian et al. (6) , respiration has been considered an important modulator of sympathetic outflow. This classical study by Adrian et al. (6) was the first to report the presence of respiratory-related oscillations in the sympathetic activity, and they suggested that "the respiratory grouping of sympathetic activity is due to a direct action of the respiratory centre on the vaso-motor centre." The respiratory modulation of sympathetic outflow is in part the consequence of changes in venous return due to intrathoracic pressure oscillations and also activation of pulmonary stretch receptors. However, respiratory-related sympathetic bursts persist after decerebration, vagotomy, baroreceptor denervation, and bilateral pneumonectomy (9) . These findings support the concept that central respiratory modulation of sympathetic outflow occurs primarily at the level of the medulla oblongata. In fact, the neurons that are part of the respiratory and cardiovascular neuronal networks are intermingled in the brain stem, especially at the ventral medullary region. More than just a close location, the synaptic connectivity between these neuronal networks suggests the existence of a common cardiorespiratory oscillator (50) . However, the identification of a specific pattern of interaction between these networks has been difficult to investigate due to technical limitations in the past. This important issue was targeted by several recent studies from our laboratory (37, 39, 43, 60, 61). Representative simultaneous recordings of phrenic (PN) and thoracic sympathetic (tSN) nerve activities, perfusion pressure (PP), intracellular recordings of the rostral ventrolateral medulla (RVLM) presympathetic neuron and nucleus ambiguus (NA) vagal preganglionic neuron, and heart rate (HR) from 1 in situ working heart/brain stem preparation of rat. Note the respiratoryrelated excitation of RVLM presympathetic neuron during inspiration (coincident with PN discharge), the associated burst in tSN, and the consequent Traube-Hering wave, as well as the respiratory sinus arrhythmia of HR (increase in the heartbeats during PN discharge) mediated by respiratoryrelated inhibition of vagal preganglionic neuron in NA.
Modulation of Ventral Medullary Presympathetic Neurons By the Respiratory Network
The ventral medullary presympathetic neurons of the rostral ventrolateral medulla (RVLM) were identified as a key region generating the ongoing excitatory drive to vasomotor preganglionic sympathetic neurons in the spinal cord. Pioneering studies during the second half of the last century demonstrated that excitation of this region with microinjections of L-glutamate increases the arterial pressure (14, 15) , whereas bilateral lesion reduces the sympathetic outflow to levels observed after spinal transection (51) . The RVLM contains two major groups of glutamatergic neurons projecting to vasomotor preganglionic neurons: 1) one expressing all the enzymes required for synthetizing epinephrine, which is identified as the C1 cell group; and 2) the other noncatecholaminergic neurons (52, 57) . Because of the advancement in electrophysiological techniques, it became possible to record presympathetic neurons simultaneously with the phrenic nerve (PN) activity and characterize their patterns of discharge according to the respiratory cycle. With this approach, studies by Haselton and Guyenet (22) documented different subtypes of sympatho-excitatory bulbo-spinal RVLM presympathetic neurons that display distinct patterns of firing frequency (excitation, inhibition, or no change) according to the phase of the respiratory cycle. Among the subpopulations of neurons affected by respiration, some of them are classified as those increasing their frequency discharge during the early inspiratory phase (early-I; see the RVLM presympathetic neuron increasing its firing frequency at inspiration, PN, generating the respiratory-related burst in tSN in Fig. 1 ) or during the postinspiratory phase (post-I). There is also a subpopulation of presympathetic neurons that is inhibited during the inspiration, as illustrated by the extracellular recordings by Haselton and Guyenet (22) or by the intracellular recordings by Moraes et al. (37) .
Challenges to Sympathetic-Respiratory Coupling
The pattern of respiratory modulation of sympathetic outflow varies according to the sympathetic branch recorded. Under baseline conditions, cervical and lumbar sympathetic nerve activities are least active during early inspiration and present maximal activity postinspiration (44) . In contrast, the splanchnic, cardiac, renal, and adrenal sympathetic nerves exhibit their peak activity during early inspiration (44) . These observations suggest that the distinct subpopulations of presympathetic neurons described previously in the RVLM generate the different respiratory-related activity profiles among sympathetic nerves. At the same time, the resting respiratory pattern in PN activity is characterized by an active inspiratory phase, with the contraction of pumping muscles that drives inspiratory flow, whereas expiration is mostly passive, with the expiratory flow generated by the recoil forces of the lungs (20, 26) . Under conditions of low respiratory drive (e.g., hypocapnia), the respiratory-related bursts in sympathetic activity disappear (40) , indicating that baseline respiratory-sympathetic coupling, at least to resistance vascular beds, is generated mainly by inputs from the respiratory network. On the other hand, during metabolic challenges such as hypoxia and hypercapnia, there is an enhancement in the sympathetic-respiratory coupling, with the emergence of novel expiratory-related bursts in the sympathetic activity (40) . Under these challenges the abdominal expiratory motor activity is recruited, and expiration becomes an active process. Interestingly, the expiratory bursts in sympathetic activity occur phase-locked with the peaks in abdominal activity (34, 41) , indicating that the sympathetic activity during hypoxia and hypercapnia is coupled not only with the inspiratory but also with the expiratory neurons. This suggests that the respiratory-sympathetic coupling mechanisms dynamically regulate sympathetic activity according to the demands of O 2 and CO 2 homeostasis. Moreover, this idea raises the possibility that these mechanisms are susceptible to plasticity and may introduce abnormal respiratory-related modulation in sympathetic outflow in pathological conditions, especially in the context of chronic cardiovascular diseases such as hypertension, heart failure, and obstructive sleep apnea (OSA). The potential role of altered respiratory modulation of sympathetic activity in the pathogenesis of hypertension is presented below.
Stimulation of the peripheral chemoreceptors by acute hypoxia or intravenous injection of potassium cyanide (KCN) produces autonomic and respiratory changes such as increases in the inspiratory and expiratory motor activities (active expiration), respiratory frequency, and sympathetic outflow (11, 38) . The first synapse of peripheral chemoreceptor afferents is located in the nucleus tractus solitarius (NTS), where higherorder neurons may send projections to ventral medulla neurons involved with generation of sympathetic activity and to neurons of the respiratory network (3, 5, 31) . The increase in sympathetic activity occurs by two distinct components: a respiratory-related oscillation that is dependent on inhibitory connections between neurons from RVLM and caudal ventral lateral medulla (CVLM) and another tonic, respiratory-independent component of which its changes are probably mediated by direct glutamatergic projections from NTS to RVLM presympathetic neurons (27, 28, 32, 42) . The enhancement of expiratory activity in response to chemoreflex activation also induces additional increases in sympathetic nerve activity (38) . This pattern of coupled respiratory and autonomic responses is also observed during physical activity to provide appropriated respiratory responses and simultaneous increase in the sympathetic activity to the cardiovascular system (2) .
One important question addressed in several studies from our laboratory refers to the consequences of chronic activation of peripheral chemoreceptors on the modulation of the cardiovascular-sympathetic activity. To produce a chronic and intermittent activation of the peripheral chemoreceptors, a hallmark of OSA, we use the experimental model of chronic intermittent hypoxia in rats (60, 61) . Although we are using chronic intermittent hypoxia (CIH) in our laboratory to produce intermittent hypoxia, it is clear for us that it is not a complete experimental model for OSA observed in humans, since rats submitted to CIH respond with hyperventilation and the level of CO 2 in the arterial blood is reduced and different from OSA patients in which the upper airway obstruction also induces hypercapnia. Therefore, CIH is an experimental model that reproduces only the intermittent hypoxia stimulus observed in OSA patients. In the present review, we are focusing on the effect of intermittent hypoxia on the respiratory-sympathetic coupling.
OSA patients present recurrent obstruction of the upper airways during the natural sleep cycle, causing hypoxemia and consequent stimulation of the peripheral chemoreceptors that produces arousal, tachypnea, and increase in the sympathetic activity (13) . Even during the wake period, the sympathetic activity of OSA patients remains increased, and most of them are hypertensive (12, 13) . The cause of hypertension in these patients is multifactorial, but the increase in baseline sympathetic activity, consequent to intermittent hypoxia, may contribute to the hypertensive state (18, 56) . This possibility is supported by clinical evidence indicating that the use of devices to produce continuous positive airflow pressure in OSA patients prevents the episodes of hypoxemia and lowers in the majority of the patients the sympathetic activity levels and the high blood pressure (46) . In our experimental model of chronic intermittent hypoxia (CIH), juvenile rats are submitted to episodes of hypoxia (FI O 2 6%) every 9 min for 8 h each day for 10 days, whereas control rats are kept in similar cages under normoxic conditions. We found that rats exposed to this paradigm presented, 1 day after the end of CIH protocol, a significant increase in mean arterial pressure (MAP) when compared with their respective controls, indicating that these animals developed hypertension (60, 61) . We also verified that the increased MAP of CIH rats was due to augmented sympathetic activity because the depressor response to intravenous injection of hexamethonium, a ganglionic blocker, was greater in CIH than in control rats (59) . In agreement with this finding, the magnitude of oscillations at low frequency range of systolic arterial pressure of CIH rats was enhanced (59), providing additional support to the concept that CIH promotes sympathetic-mediated hypertension.
Considering that previous studies described changes in the carotid body sensitization after intermittent hypoxia (47) as well in hypertensive rats (49), we should also take into account the possibility that the observed changes in the respiratorysympathetic coupling are due to the tonicity of the glomus cells in the carotid body. However, the observed changes of the sympathetic-respiratory coupling in CIH rats were not altered after the removal of carotid chemoreceptors, indicating that these central changes seem to be initiated by intermittent activation of the chemoreflex, but they are not driven by sensitization of the carotid body (61) .
Changes in Respiratory Modulation of Sympathetic Outflow Contribute to Hypertensive State in CIH Rats
Several studies described in this review were performed in the decerebrated WHBP, which is used in our laboratory due to its feasibility for nerve and intracellular neuronal recordings in the absence of anesthetics. Although the WHBP presents advantages for this kind of experimental approach, it also presents some limitations, since it is not a whole animal under the ideal physiological condition. However, we do not have available, at least in our laboratory, technologies to perform intracellular recording in the ventral medulla of conscious, freely moving rats. Therefore, we are taking advantage of this in situ WHBP preparation.
From direct recordings of the lower thoracic sympathetic chain of the in situ WHBP preparations, we documented that hypertensive CIH rats also show higher levels of baseline vasomotor activity (61) . Moreover, as illustrated in the original recordings of tSN in Fig. 2 , we found that the sympathetic overactivity in CIH rats was associated with additional highamplitude bursts during the late part of expiratory phase, named late-expiration (61), and was also associated with larger Traube-Hering pressure waves (41) . Thus the maximal sympathetic activity and the peak in abdominal expiratory motor activity in CIH rats were phase-locked during late expiration, indicating a correlation between sympathetic overactivity and abdominal nerve (AbN) active expiration ( Fig. 2) (61) . Moreover, the lowering of respiratory activity with hypocapnia discontinued AbN hyperactivity and reduced sympathetic nerve activity (34) . These findings allow us to suggest that augmented sympathetic activity during expiration in CIH rats was dependent on changes of respiratory pattern and the presence of active expiration at rest (34, 61) .
To verify whether the changes in the respiratory pattern after CIH were also present in conscious, freely moving rats, we recorded the electromyogram of the abdominal and diaphragm muscles simultaneously with arterial pressure (37) . Under this experimental condition, we confirmed that rats exposed to CIH presented high levels of arterial pressure and a clear increase in the abdominal muscle contraction at the end of expiration. Therefore, the changes in the pattern of expiration after CIH were not an epiphenomenon observed in the in situ WHBP preparations of rats. It is important to note that the observed changes in the pattern of respiratory modulation of sympathetic Fig. 2 . Recordings from representative in situ preparations illustrating the pattern of raw and integrated (͐) activities of abdominal (AbN), thoracic sympathetic (tSN), and phrenic nerves (PN) from control and chronic intermittent hypoxic (CIH) rats. Note that the control rat presents a low amplitude in AbN, indicating that the respiratory pattern is composed of active inspiration and passive expiration. The CIH rat presents enhanced AbN activity at the late part of expiration, indicating that both inspiration and expiration are active processes. As a consequence of the AbN active expiration, the tSN of CIH rats exhibits a correlated peak of discharge during the same phase of respiratory cycle/late-expiratory (late-E) tSN peak. activity in in situ WHBP preparation of CIH rats also correlate with larger Traube-Hering waves, indicating that the enhanced respiratory-modulated sympathetic outflow of CIH rats is clearly impacting the vasomotor control and amplifying the sympathetic activity reaching the blood vessels (37) . Importantly, our previous spectral analysis of systolic blood pressure of conscious CIH and control rats also demonstrated an increase in the amplitude of high frequency variability, frequency range of Traube-Hering waves in conscious animals (59), providing additional support to the concept that the changes in respiratory-sympathetic coupling are not restricted to experiments performed in in situ rat WHBP preparations. Although we are describing several correlations between changes in the respiratory-sympathetic coupling and the baseline sympathetic activity in CIH rats, we must emphasize that these correlations do not imply a direct causal relationship, and new experiments are required to prove our complex working hypothesis.
Cardiac and Sympatho-Inhibitory Baroreflex Gains are Increased in CIH Rats
To explore the origin of sustained increase in the sympathetic activity and hypertension in CIH rats, initially we considered a possible reduction in the gain of the cardiac and sympathetic components of the baroreflex in this experimental model. In this regard, previous studies (21, 30, 48) proposed that reduction in baroreflex gain plays an important role in the development of sympathetic overactivity and hypertension after several days of CIH. On the other hand, studies by Lai et al. (29) demonstrated that rats submitted to CIH present an increase in arterial pressure after the fifth day of exposure, whereas a reduction in spontaneous cardiac baroreflex gain was not observed until the seventeenth day. Experiments performed in our laboratory using conscious rats documented that the cardiac component of the baroreflex was, in fact, increased in rats kept in the CIH protocol for 10 days (59). Similar results were also observed in experiments performed in our laboratory using in situ WHBP preparations of rats, which demonstrated that the neuronal CVLM activation and sympatho-inhibitory component of the baroreflex was also enhanced after CIH exposure (36) . Therefore, these previous data support the new concept that the early phase of sympathetic overactivity and hypertension developed in juvenile rats exposed to CIH for 10 days are not secondary to reduction in both sympatho-inhibitory and cardiac components of baroreflex. However, these findings do not imply that the baroreflex control of sympathetic activity and cardiac function may be reduced after a long-term exposure to CIH (21, 29, 30) , because different mechanisms might occur between the onset of hypertension and the longterm sustained increase in arterial pressure induced by CIH.
How Does Sympathetic Activity Increase During the LateExpiratory Activity in CIH Rats?
The first possibility for explaining the sympathetic overactivity in CIH rats was an increase in the frequency of discharge of the bulbospinal presympathetic neurons located in the RVLM due to changes in their intrinsic electrophysiological properties, since there is a tendency among authors in the field to link the cause of neurogenic hypertension to electrophysiological changes in brain stem presympathetic neurons, as discussed by Accorsi-Mendonça et al. (4) . To check this possibility, we intracellularly recorded the activity of the bulbo-spinal presympathetic RVLM neurons using the whole cell patch clamp technique in slices of brain stem as well in in situ WHBP preparations of CIH rats. Our findings indicated that despite the increased frequency discharge of RVLM presympathetic neurons from CIH rats in the intact respiratory and sympathetic networks (37), we verified that their intrinsic firing frequency and electrophysiological properties after blockade of fast synaptic transmission were similar to those from control rats (7), indicating that the intrinsic electrophysiological properties of presympathetic neurons were not affected by CIH. These findings also indicated that the increased frequency discharge of RVLM presympathetic neurons was probably driven by excitatory synaptic inputs to these neurons.
To explore the mechanisms underlying the increased synaptic excitatory inputs to RVLM presympathetic neurons after CIH, we recorded the spontaneous excitatory postsynaptic potentials (sEPSPs) and currents (sEPSCs) to these neurons in the in situ WHBP preparations of rats. In the current-clamp mode recordings, we verified a significant increase in sEPSP frequency during late expiration (late-E). In the voltage-clamp mode recordings, we verified a significant increase in sEPSC frequency during the same respiratory phase in RVLM presympathetic neurons from CIH rats (37) . These findings indicate that presympathetic neurons from CIH rats receive additional excitatory synaptic inputs probably from neurons of the respiratory network mostly during the end of the expiratory phase (37) . Therefore, the next question was: What are the possible sources of additional excitatory inputs to RVLM presympathetic neurons at the end of expiration in CIH rats?
There is evidence that RVLM presympathetic neurons are modulated by synaptic inputs from a large diversity of respiratory neurons, including the ventral medullary [parafacial respiratory group (pFRG), Bötzinger (BötC), and pre-Bötz-inger complexes] and pontine respiratory neurons (17) . Several recent studies have suggested that pFRG neurons present characteristics consistent with a late-E oscillator, producing active expiration in juvenile/adult rats only under conditions of elevated central respiratory drive (1, 25, 33) . At normocapnia, in the absence of active expiration, pFRG neurons in juvenile/ adult animals are silent (1, 38, 45) . When disinhibited or photoactivated, these neurons exhibit rhythmical late-E activity and generate expiratory burst in abdominal activity (16, 25, 45) . The activation of the peripheral chemoreflex with KCN also activates late-E neurons in the pFRG, which correlates with the increase in the AbN and tSN activities (38) . Based on these observations, we hypothesized that the pFRG expiratory neurons may be a potential source of excitatory drive to the RVLM. Using an in silico approach (34), we considered the possibility that CIH promotes a long-lasting activation of pFRG late-E neurons. As a consequence, the hyperactivity of pFRG late-E neurons after CIH would result in excessive excitatory drive to both ventral respiratory group (VRG) bulbospinal expiratory neurons and RVLM presympathetic neurons, resulting in the emergence of coupled late-E bursts in AbN and sympathetic neurons (34) . In agreement with these model predictions, we verified that pFRG late-E neurons of in situ WHBP preparations of CIH rats, but not of controls, were active (presenting spontaneous action potentials; see the extracellular recordings of pFRG neurons from CIH rats in Fig. 3) under normocapnic conditions and correlated with the late-E bursts in sympathetic activity (43) . These findings suggest that the pFRG is a potential source of excitatory inputs to RVLM at the end of expiration.
The next step was to understand the mechanisms underlying the generation of active expiration after CIH exposure and the possible changes in the bulbospinal augmenting-expiratory (aug-E) neurons of the caudal VRG (cVRG). These neurons receive excitatory inputs from pFRG neurons and seem to generate late-E bursts in abdominal activity during active expiration (54) . The extracellular recordings of cVRG aug-E neurons from CIH rats showed a large increase in their firing frequency when compared with neurons from control rats (Fig.  3) . However, their intrinsic frequency discharge after synaptic blockade was similar between control and CIH rats (35) , indicating that 1) the electrophysiological properties of cVRG aug-E neurons are not affected by CIH, and 2) the increase in the frequency discharge of aug-E neurons is probably driven by the increased activity of pFRG late-E neurons, impacting on the expiratory function after CIH.
Taking into consideration the evidence that postinspiratory neurons (post-I) located in the BötC may send inhibitory projections to the late-E neurons in the pFRG (1, 33) , we explored the hypothesis that reductions of intrinsic excitability of these post-I neurons affect their inhibitory synaptic inputs to late-E in pFRG. The reduction of these inhibitory synaptic inputs may release the pFRG late-E neurons to fire at the end of expiration, which in turn produces enhanced synaptic excitation of cVRG aug-E and RVLM presympathetic neurons. The extracellular recordings of BötC post-I neurons from CIH rats showed a clear reduction in their firing frequency (Fig. 3) , which was maintained lower after the synaptic blockade when compared with neurons from control rats (35) . Using intracellular recordings, we also documented that resting membrane potential of the BötC post-I neurons from CIH rats was more negative, i.e., hyperpolarized, and their intrinsic input resistance was significantly reduced when compared with neurons from control rats (35) . Using single-cell RT-PCR, we verified that the hyperpolarized post-I neurons of CIH rats were glycinergic, which is consistent with the neurochemical profile of these inhibitory neurons (35) . These findings indicated that CIH hyperpolarizes and decreases the intrinsic excitability of BötC post-I neurons, which may be a cause of the increased activity of late-E neurons in the pFRG and the consequent increase in the frequency discharge of cVRG aug-E and RVLM presympathetic neurons, as hypothesized by Molkov et al. (34) .
With respect to the electrophysiological changes observed in the BötC post-I neurons from CIH rats (hyperpolarization and reductions in input resistance), these changes are consistent with a possible increase in resting potassium conductance. In this context, we explored different channels mediating potassium currents, and we verified that CIH increased the conductance of potassium leak channels in post-I neurons (35) . Based upon this finding, we suggest that the BötC post-I neurons and their potassium leak channels may be a major target of CIH, which promotes relevant changes in the expression and conductance of ionic channels, impacting on synaptic excitation to cVRG aug-E and RVLM presympathetic neurons from pFRG late-E neurons (Fig. 3) . Therefore, the BötC may be a major site of interaction between the two complex neuronal networks (sympathetic and expiratory) in the context of CIH.
Summary
The experimental data described in this review allow us to state that the sympathetic overactivity observed at the end of expiration in CIH rats is mostly associated with changes in the intrinsic electrophysiological properties of the BötC post-I neurons rather than changes in the intrinsic properties of the RVLM presympathetic neurons. In fact, the RVLM presympa- Fig. 3 . Schematic model and original extracellular recordings of interactions between ventral medullary respiratory and sympathetic neurons in control rats and in rats submitted to chronic intermittent hypoxia (CIH). In control rats at resting conditions, the inhibitory postinspiratory (post-I) neurons (blue) of the Bötzinger complex (BötC) inhibit expiratory activity by inhibiting the parafacial respiratory group (pFRG) late-expiratory (late-E) neurons. Therefore, expiration is a passive process associated with the absence of sympathetic overactivity at the end of the second half of expiration (E2 phase). CIH decreases the firing frequency and intrinsic excitability of BötC post-I neurons, thus releasing pFRG late-E neurons from inhibition and allowing them to fire at the end of E2 phase in conditions of normoxia and normocapnia. The pFRG late-E neurons are the common source of excitatory inputs (red) to the augmenting-expiratory (aug-E) neurons of the caudal ventral respiratory group (cVRG) and to the presympathetic neurons in the rostral ventrolateral medulla (RVLM) at the end of the E2 phase, generating coupled active expiration and sympathetic overactivity. I, inspiration; PN, phrenic nerve; tSN, thoracic sympathetic nerve. thetic neurons are receiving increased excitatory synaptic inputs probably from pFRG late-E neurons. This possibility is supported by the observation that the intrinsic excitability of post-I neurons is reduced, which in turn may produce less inhibition on the pFRG late-E neurons. Although we do not yet have direct experimental evidence, our findings suggest that pFRG late-E neurons drive additional excitatory inputs that increase the frequency discharge of the RVLM presympathetic and cVRG aug-E neurons. The overall findings described in this review suggest that changes in neurons of the respiratory network are a main cause of sympathetic overactivity observed in CIH rats. However, it is worthy to note that our working hypothesis is complex and that some gaps remain open. For these reasons, several important unanswered questions are currently under investigation in our laboratory.
To conclude, we want to highlight that the original observations by Carl Ludwig and several other autonomic, cardiovascular, and respiratory physiologists, ever since the second half of the 19th century, about the coupling of arterial pressure and breathing remain as the groundwork for the findings and ideas described in this review. We hope that our contribution in revealing the secrets of the functioning respiratory network and its interaction with sympathetic nervous system will shed light on the mechanisms underlying neurogenic hypertension.
Perspectives and Significance
Despite several decades of investigation, we still do not have a clear picture about the mechanisms underlying the neurogenic hypertension. Neurogenic hypertension is a consequence of multiple factors affecting the sympathetic outflow to the cardiovascular system. Dysfunction in the respiratory neuronal network must be considered another natural candidate among those modulating the level of sympathetic activity. In this scenario, the full understanding of the mechanisms involved in the coupling of respiratory and sympathetic neurons at the brain stem level will be a critical step for new knowledge about interactions between cardiovascular and respiratory systems. On one side, it is true that changes of this precise coupling, as observed in the CIH experimental model, may contribute to hypertension. However, on the other side, which is supposed to be the right way, the restoration of an appropriated coupling of these two neuronal networks in case of previous dysfunction may have the power to reduce, at least in part, the sympathetic outflow and the level of high blood pressure in hypertensive patients. Therefore, the possibility that the voluntary breath pattern control may contribute to modulate sympathetic activity and be used as a natural adjuvant for lowering high blood pressure must be considered. Accordingly, the effect of respiratory control on the sympathetic outflow cannot be considered an exotic cultural and philosophical issue anymore. We thank Dr. Melina Pires da Silva Moraes for contributing to this article.
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